Metallic porous biomaterials Geometry mismatch
Introduction
Additive processes provide an exciting opportunity to build metals with customized porous architecture and mechanical properties unachievable in monolithic materials (Ashby and Bréchet, 2003; Fleck et al., 2010; Schaedler et al., 2011) . Porous biomaterials with tailored cell morphology enable cell proliferation and differentiation, required for bone ingrowth, as well as nutrient, oxygen and waste diffusion (Hutmacher, 2000; Yang et al., 2001; Sanz-Herrera et al., 2008 mechanical properties can be tuned to provide adequate strength and matched stiffness with respect to anatomical location (Hutmacher, 2000; Yang et al., 2001; Sanz-Herrera et al., 2008; Arabnejad Khanoki and Pasini, 2012 , 2013a , 2013b . The functionality and overall success of porous biomaterials and implants depend upon a multitude of factors including pore morphology and interconnectivity, as well as their ability to fill bone defects (Hollister and Murphy, 2011; Wu et al., 2014) . Conventional manufacturing methods for open-cell porous materials, such as solid state processing (sintering of fibers and powder metallurgy), liquid state processing (spray foaming, direct foaming), vapor deposition, and electro-deposition, often fail to produce porous implants with desired porosity and homogenous distribution of pores for sufficient bone ingrowth (Ryan et al., 2006; Banhart, 2001) . As an alternative, Additive Manufacturing (AM) processes, such as Electron Beam Melting (EBM) and Selective Laser Melting (SLM), are layer-by-layer technology enabling custom porous implants with internal architecture (Murr et al., 2010; Van Bael et al., 2011; Williams et al., 2005; Pattanayak et al., 2011; Heinl et al., 2008; Parthasarathy et al., 2010) and mechanical response tuned to those of the surrounding bone tissue, and pore morphology tailored to ease bone ingrowth (Sobral et al., 2011; Khoda et al., 2010) . Although AM allows control of pore architecture, current technologies fail short in reproducing cellular geometry at the expected level of fidelity and accuracy. Geometry discrepancies often appear between the as-designed and asmanufactured pore geometry, especially for architecture with element size reaching the manufacturing limits (Parthasarathy et al., 2010; Arabnejad et al., 2016a; Yan et al., 2012) . The problem is serious not only because a geometry mismatch can result in pore occlusion, which in turn impair osseointegration, but also because the resulting mechanical properties can be far off from the expected values (Parthasarathy et al., 2010; Arabnejad et al., 2016a; Yan et al., 2012; Hollander et al., 2006; Mullen et al., 2010) .
Previous studies have shown that strut thickness, strut cross section, strut straightness, and pore size are among the variables that most suffer from AM inaccuracy (Parthasarathy et al., 2010; Arabnejad et al., 2016a; Yan et al., 2012; Hollander et al., 2006; Mullen et al., 2010) . In particular, strut thickness has been shown to be highly dependent on the angle a strut forms with the build plane. Well documented in the literature, this deviation is attributed to a difference in heat transfer properties between solid struts and their surrounding powder. For example, Gebhardt et al. (2014) reported severe stair-climbing effect for struts at 451 angle from the build plane with noticeable amount of adherent particles for struts at 901. Several methods have been proposed to reduce the error inherent to the manufacturing process. They can be categorized in either design-oriented (Dias et al., 2014) , or process-control strategies, which involve machine parameter tuning (Eshraghi and Das, 2010; Partee et al., 2005) and postprocessing, such as electro polishing and acid etching (Pyka et al., 2012) . This paper introduces a design scheme to reduce fabrication deviations appearing in Ti-6Al-4V porous biomaterials built with SLM. A statistically meaningful set of spider-webs were designed with struts built at varying build angles, built with prescribed in-plane strut thickness, which in turn were measured via light microscopy. Exponential interpolation functions of the relative error appearing from the designed thickness were correlated to the build plane angle. These relations are at the core of compensation relations that enable the generation of compensated geometries that are built with higher accuracy. The scheme was experimentally validated on a spider web analog, and then applied to a set of three-dimensional porous biomaterials. Micro-CT morphological characterization, as well as mechanical property analysis conducted on compensated and uncompensated geometries, demonstrated the merit of the procedure here introduced.
Compensation strategy
Additive processes of metallic lattices often result in fabricated pores which contain deviations from their as-designed geometry. Fig. 1 illustrates the unit cell of a typical lattice built with SLM, where the comparison of as-manufactured and as-designed geometry points out several morphological mismatches, including formation of parasitic mass at the joints, staircase effect of diagonal struts and strut thickness heterogeneity. With respect to the latter, the figure shows that To reduce the mismatch between as-designed and asproduced geometry, we focus in this work on one, among others, important factor, i.e. the orientation angle formed by a strut with respect to the build plane (Van Bael et al., 2011; Arabnejad et al., 2016a; Yan et al., 2014) . The approach that we take here is designed-oriented, rather than process control, in the sense that for given process parameters, our goal is first to predict and compensate strut thickness deviations expressed as a function of the angle with the build plane, and then generate a compensated geometry to manufacture. The scheme we propose here, uses a planar sample, a spider-web ( Fig. 2A.) , with struts oriented at given build plane angles. As shown in Fig. 2 , it consists of a sturdy assessment of strut thickness deviations obtained with strut morphology characterization, error analysis, definition of compensation factors, and generation of spider-web geometry with compensated strut thickness. The model driving geometry compensation penalizes over-sized struts and augments those that are under-sized with correction factors dependent Fig. 2 -Design strategy scheme. A. Initial spider-web geometry with uniform strut thickness. B. SLM manufacturing of initial spider-web showing heterogeneous distribution of strut thickness. C. Analysis of strut thickness errors, each with respect to its design value, and expressed as a function of the angle with the build plane (x-axis) and the strut thickness (E: relative error for design strut thickness of 200, 300, and 400 lm; and R 2 correlation coefficient). D. Development and application of error compensation relations (described in Section 2.2). E. Generation of final spider-web geometry with varying strut thickness; the original spider-web design (gray) is superimposed the compensated one (blue). F. Manufacturing of compensated spider-web with geometry resembling the initial one (A) with uniform strut thickness. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) on the strut angle. As a result, the final strut thickness reaches the original target after the intrinsic overmelting induced by the manufacturing process. We chose a planar geometry for the spider-web, since it can be rapidly examined via light microscopy, as described in detail in the following section. In addition, it is effective in evaluating strut thickness deviations in three-dimensional lattices, as described in Section 3.
2.1.
Design and fabrication of a multi-angle strut model, the spider-web Fig. 2A . shows the spider-web geometry, with circular cross section struts at build angles varying from 01 to 901 at 151 increments. The spider-web were designed using SolidWorks (Dassault Systèmes SolidWorks Corporation, Waltham, MA). To investigate the dependency of strut in-plane thickness, three samples with uniform thickness of 200, 300, and 400 mm were built. These values lie in the relevant range and design constraints for porous metallic biomaterials (Arabnejad et al., 2016a) . Its out-of-plane thickness is generally not influenced by the build angle and here set equal to the corresponding in-plane thickness. For each strut thickness, five spider-web replicates were fabricated via SLM out of Ti-6Al-4V powder (Renishaw AM-250, England). The manufacturing process was conducted on a titanium base plate in a closed chamber flushed with argon gas to reduce the level of interstitial elements, such as nitrogen, carbon, hydrogen and oxygen, and their subsequent reactivity with Ti-6Al-4V powder. A 100 W laser was chosen with a spot diameter of 70 mm. The samples were fabricated with a laser beam compensation of 50 mm. The point distance was 75 mm, exposure time was 60 ms and hatch spacing was 75 mm. Samples were removed from the build plate using Electrical Discharge Machining (EDM), and imaged via two-dimensional light microscopy to measure with ImageJ software (National Institute of Health, USA) strut thickness across all the angles (Rasband, 1997 (Rasband, -2015 .
2.2.
Generation of thickness compensation relations Fig. 2C illustrates that the relative error increases significantly for smaller build plane angle. Struts at 01 show the largest discrepancy from the as-designed thickness, as opposed to vertical struts. An exponential interpolation,E θ; t d ð Þ, was used in Fig. 2C to estimate the error at each design thickness and generate the compensated strut thickness through the relations:
where E θ; t d ð Þ is the relative error from the as-designed strut at a given angle (θ) and strut thickness (t d ), t c is the compensated strut thickness at a given angle ðθÞ, and t m is the manufactured strut thickness. A 60 mm threshold was chosen for the compensated thickness to account for the minimum layer thickness of 30 mm. Since the slicing of additive manufactured parts is a form of discretization, the Nyquist sampling theorem was applied as an analog to ensure we can adequately render the structure (Guillemin, 1963) . In the mechanical analog, the minimum layer resolution should be at least 30 mm to represent the structure. Hence since a strut is typically discretized with a minimum of 2 sections, the minimum out of plane thickness should be 60 mm.
Application of the compensation scheme to the spider-web
The compensation scheme was used to obtain the geometry of the compensated spider-web, which was built in five replicates for each strut thickness and with process parameters used for the initial design. Strut thicknesses were measured across all angles ( Fig. 2F ) with results shown in Fig. 3 . In this work, the manufactured strut thickness was defined as the average thickness measured at discrete planes along the strut axis. Here as example, only the set of relative errors for the compensated versus the uncompensated samples is shown for struts with prescribed 200 mm thickness. The most reduced overmelting is observed for the horizontal struts followed by the oblique and vertical struts. In addition, for strut thickness of 200 mm, 300 mm and 400 mm, the average reduction of the relative error is quite consistent and respectively 28%, 20% and 19%. 3.
Application of the compensation scheme to metallic lattices for bone replacement
To assess its efficiency in reducing strut thickness discrepancies and improve the fidelity of as-manufactured geometries, the scheme is here applied to three-dimensional porous biomaterials. We select a tetrahedron-based topology, suitable for load-bearing orthopedic implants (Arabnejad et al., 2016a) , and use it to generate a representative lattice that meets bone ingrowth requirements, i.e. pore size between 50 and 650 mm and porosity above 50%, and SLM constraints, i.e. manufacturable strut thickness above 200 mm.
3.1.
Morphological investigation
Sample geometry
A prismatic porous sample was obtained by tessellating a tetrahedron-based unit cell with x, y and z periodicity of 10, 15 and 10, according to ISO 13314 (ISO 13314, 2011) . The sample size consists of 22 mm height and 15.5 mm depth and width. The size of each unit cell is 1.52 mm, the strut thickness is uniform with value of 0.39 mm. A total of 10 samples, 5 uncompensated and 5 compensated, were built via SLM out of Ti-6Al-4V. In addition to the manufacturing process described in Section 2, all samples were annealed at 730 1C for 1 h. Heat treatment results in enhanced mechanical properties while having negligible impact on the morphological parameters (Vrancken et al., 2012a) .
Cell morphology assessment
To assess SLM fidelity in rendering cell morphology and overall lattice geometry, a SkyScan 1172 high-resolution micro Computed Tomography (CT), with 103 kV energy and 96 mA intensity, was used on one uncompensated and one compensated sample. During the acquisition process, each sample was rotated by increments of 51 over 3601, and an average of 5 images per increment were recorded as radiograph images. Using dedicated software for micro-CT (NRecon, Skyscab N.V., Kontich, Belgium), the images were processed with lower and upper global thresholds of 80 and 255, ring artifact reduction of 4, and beam-hardening correction of 40%, to enable their reconstruction into cross-section images. These images were in turn used to measure specific morphological parameters, including strut thickness at different angles and pore size, with the ImageJ software package (National Institute of Health, Bethesda, MD) (Rasband, 1997 (Rasband, -2015 .
Statistical analysis
All data from the morphological characterization were used to perform either a two-tailed t-test, when comparing two groups, or a one-way analysis of variances (ANOVA), when comparing more than two groups. The significance level was set at po0.05.
Results
Fig . 4 illustrates the uncompensated (A) and compensated (B) samples, each with a front view of their representative unit cell. The as-designed geometry (hidden red line) is overlaid on the reconstructed images of the uncompensated (C) and compensated (D) unit cell. The former (C) illustrates a larger geometry mismatch. In particular, we highlight i) overmelting of the horizontal struts, ii) stair-case effect of the oblique struts, iii) under-sized vertical struts, as well as iv) parasitic mass agglomerated at the joints. The latter (D) shows the outcome of applying the compensation scheme with each morphological defect reduced in magnitude, and fabricated geometry better resembling the initial design (red). The as-designed lattice with uniform strut thickness and pore size, was set as a reference to quantitatively address the merit of the compensation strategy with respect to pore size, porosity, and strut thickness. Similarly to other studies (Arabnejad et al., 2016b; Van Bael et al., 2012; Warnke et al., 2009) , pore size in this work was defined as the largest sphere that can be inscribed within the cells of a periodic lattice. This definition describes cell interconnectivity in a tetrahedronbased lattice, a property of high biological relevance (Jones et al., 2009; Lin and Miller, 2000) . Table 1 summarizes the results with the relative error of the uncompensated (red) and the compensated (blue) manufactured cells reported against the as-designed reference (gray), while Fig. 5 plots their relative error normalized by their as-designed counterparts. The bars show that porosity is less sensitive to manufacturing imperfections, since both compensated and uncompensated lattice have relative error of about 6% (p ¼0.03). Nonetheless for the pore size, the compensation strategy results in a smaller relative error (11% vs. 15%, p¼ 0.04) (Fig. 5) . As highlighted in Section 2, Fig. 6 shows for the uncompensated samples (p ¼0.001) a significant dependency of strut thickness on of strut angle. For horizontal struts, the maximum relative error is the highest (60%), followed by 18% for oblique struts and 14% for vertical struts. In contrast, compensated lattices have a more uniform distribution of strut thickness, which thus result less sensitive to their orientation with the build plane (p¼ 0.19).
3.2.
Mechanical analysis
Computation and testing
In this section we investigate the impact of the compensation strategy on the mechanical properties. We compare the mechanics of as-designed and as-manufactured samples via a combination of simulations and experiments. The reference lattice was modeled and simulated through non-linear finite element analysis (Abaqus), to determine its compressive elastic modulus, 0.2% offset strength and first maximum strength (i.e. compressive stress corresponding to the first local maximum in the stress-strain curve The objective is to investigate the impact of manufacturing errors on the elastic terms of the effective stiffness matrix (Fig. 7 ) (Arabnejad and Pasini, 2013) . j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 7 0 ( 2 0 1 7 ) 1 7 -2 7
All manufactured lattices, five uncompensated and five compensated, were tested in compression in a 50 kN MTS servo-electric machine. As per the ISO-13314 standard, the deformation was measured with an extensometer mounted on the lattice and the elastic modulus was calculated as the slope of the stress-strain curves between 30% and 70% of the plateau strength (ISO 13314, 2011) . The yield strength was determined using the 0.2% offset value and the first 
maximum strength was obtained directly from the curves. All data from the mechanical testing undergo the statistical analysis described in Section 3.1. Fig. 8 shows the polar plot of the normalized Young's modulus for the as-designed (Fig. 7A) , uncompensated (Fig. 7B) and compensated (Fig. 7C) unit cells. The tetrahedron-based topology has three planes of symmetry, each along a 451 plane not containing the diagonal struts. Both polar plots for the compensated cells (blue) are closer to their as-designed values (black), with those for the uncompensated cells (red) being the most far off; in addition a very minor shift appears in the position of the maximum values for the Young's modulus. Table 2 reports the as-designed values obtained via a fully detailed finite element analysis of the samples. The compressive elastic modulus is 11.9 GPa, the 0.2% offset strength is 119 MPa, and the first maximum strength is 144 MPa. Fig. 9 illustrates the relative error for the mechanical properties. The relative error of a given property is the difference between the experimental and as-designed value, normalized by the as-designed value and expressed in percentage. The results shows that the compensation strategy reduces significantly the relative error between the as-designed and asmanufactured properties, with errors reduced from 9.50% to 2.74% (p ¼0.15), 31% to 23% (p ¼0.02), and 53% to 22% (p ¼0.003), for respectively compressive elastic modulus, 0.2% offset strength and first maximum strength.
Results
We recall that the current computational results for the designed geometry are obtained considering the material as homogenous regardless the build plane angles. As reported by the AM manufacturer (Renishaw), the building orientation has a negligible impact on the stiffness of SLM titanium parts (horizontal direction¼ 11671 GPa, vertical direction¼11271 GPa) and 0.2% offset strength (horizontal direction¼ 104577 MPa, vertical direction¼996710 MPa) (Innovation, 2015) . These results are in agreement with similar reports for titanium alloy components built by SLM and other AM techniques (Simonelli et al., 2014; Vrancken et al., 2012b) .
Discussion
This study unveils the geometric and mechanical discrepancy between as-designed and as-manufactured geometry of porous biomaterials. Similar observations have been reported in the literature for porous Titanium structures manufactured via commercially available AM processes. Parthasarathy et al. (2010) reported a drop in pore size of the as-manufactured vs. as-designed for porous structures fabricated by Electron Beam Melting. Hollander et al. (2006) noticed a decrease in pore dimension of the as-produced compared to the as-designed structures and a 150 mm mismatch in the strut thickness. Mullen et al. (2010) reported that machine parameters have additional impact on the resulted strut thickness, e.g. increasing laser power results in thicker struts. In Section 2 of this paper, 2.7% -23% -22% -j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 7 0 ( 2 0 1 7 ) 1 7 -2 7
we showed through the spider-web model that strut thickness is highly dependent on the building angle, thereby resulting in over-sized horizontal struts and under-sized vertical struts. We note that these results pertain to cells located at the surfaces of the lattice samples, with measures obtained via twodimensional light microscopy. For three-dimensional lattices, Van Bael et al. (2011) reported a significant discrepancy between the as-designed porosity, surface area, and structure volume compared to those of the as-produced lattices. In Section 3 of this paper, we analyzed a three-dimensional lattice structure and confirmed that the manufacturing process yields geometric imperfection in the pore shape and strut thickness. The problem associated with AM can be addressed via either a design oriented or a process-control approach, and this work follows the former. The compensation scheme here proposed has been proved effective in reducing the relative error of the main morphological parameters between the manufactured and designed counterparts with an approximate average drop of 20%. In addition, the application of the scheme enables to render uniform distribution of strut thickness and open pores throughout three-dimensional lattices, thereby showing its merit in producing a porous biomaterials that meet bone ingrowth requirements. Other works focusing on process parameter tuning, such as laser power, scan speed, scan space and powder beat preheat temperature, have been also effective in reducing geometry discrepancy, with dimensional accuracy within 3-8% from the design targets (Eshraghi and Das, 2010; Partee et al., 2005) .
The mechanical performance of porous materials is mainly controlled by the cell and sample morphology, described by porosity, pore size, strut thickness and cell size (Williams et al., 2005; Heinl et al., 2008; Hollander et al., 2006; Murr et al., 2009 ). Thus, geometry mismatch leads to deviations in mechanical properties. We investigated this issue via simulations and experimental measures comparing mechanical properties of compensated and uncompensated lattices.
The mismatch of mechanical properties between as-designed and as-manufactured can be attributed to: i) residual stress, caused by dissimilar cooling rate and shrinkage after melting, inducing early strut failure, ii) parasitic particles attached to the strut surface, and iii) local heterogeneities and stress concentration due to strut waviness and strut roughness Gibson, 1998a, 1998b) .
Previous studies also assessed the discrepancy between the designed and measured mechanical properties for additively manufactured structures. For porous structures, Van Bael et al. (2011) managed to achieve a relative error of 6-15%
for the Young's modulus; this was obtained by integrating the mismatch between as-designed and as-produced morphological parameters, using an empirically derived model. Dias et al. (2014) reported that the mechanical properties associated with micro-CT FEA are 18-38% lower than their prescribed values. Likewise, our compensation scheme is efficient in reducing the discrepancies in the elastic (Fig. 8) and plastic ( Fig. 9 ) regimes, and achieve a relative error of 2.7% for the compressive elastic modulus. Despite the promises of this scheme especially for the 
Conclusion
This work has introduced a compensation strategy that can reduce geometric discrepancies appearing in porous biomaterials built via SLM. Developed to capture the dependence of strut thickness on build angle in a spider web, the scheme has been successfully applied to Ti-6Al-4V three-dimensional lattices, with cell topology suitable for load-bearing applications. Results from morphological investigations have proved the merit of the scheme to generate strut thickness, pore-size and porosity closed to their designed values. Mechanical testing and simulations have also confirmed the scheme efficiency in reducing deviations in the mechanical properties of the compensated lattices. This work has used a designoriented strategy that complements other process-oriented procedures with the goal of further improving SLM accuracy in fabricating porous biomaterials.
